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Isotopes of rutherfordiunfT 2*Rf) were produced in irradiations 8fU targets

with *®Mg beams. Excitation functions were measured for the54 and 6 exit
channels. Production 8f'Rf in the 31 exit channel with a cross section 2852 pb was
observed. Alpha-decay 6FRf was observed for the first time with arparticle energy
of 9.05+0.03 MeV and am/total-decay branching ratio of 0.31+0.11. Rf, the
electron capture/total-decay branching ratio wasasueed to be 0.15+0.04. The

measured half-lives fdP®Rf, 2>Rf and®®Rf were14.7'13 ms, 25'% s and22.2*3; ms,

respectively, in agreement with literature datdne Bystematics of the-decay Q-values
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and of the partial spontaneous fission half-livesevevaluated for even-even nuclides in
the region of the N = 152, Z = 100 deformed shé&le influence of the N = 152 shell on
the a-decay Q-values for rutherfordium was observedeaimilar to that of the lighter
elements (9& Z2<102). However, the N =152 shell does not stabilithe
rutherfordium isotopes against spontaneous fissasnit does in the lighter elements

(96< Z < 102).

PACS numbers: 25.60.Pj, 25.85.Ca, 23.60.+e, 2790.+

I. INTRODUCTION

Relatively long-lived transactinide elements (i€lements with atomic number
Z>104) up to Z=108 have been produced in nucleactions between low Z
projectiles (C to Al) and actinide targets. Cresstions have been observed to decrease
steeply with increasing Z and reach the level déw picobarns for element 108 [1].
Recently, production cross sections of severallj@ows have been reported [2-4] for
comparatively neutron-rich nuclides of 112 through8 produced via hot fusion
reactions with*Ca and actinide targets. Some of those heavydeslre reported to
have lifetimes on the order of seconds or longéhe relatively high cross sections in
these hot fusion reactions are not fully understaod this has renewed interest in
systematic studies of heavy-ion reactions withnéadti targets.

Here we report on the measurement of the excitdtioations for the d, 5n, and
6n exit channels of th&®®U(*®*Mg, xn)?**’Rf reaction (where x = 4, 5 or 6 and represents

the number of neutrons evaporated from the compoomclieus). An additional
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experiment was dedicated to the investigation & & exit channel to access the
comparatively neutron-rich isotope?®'Rf. Combined with data from the
238U(3°si, xn)?*®*Sg reaction [5] and other reactions witfiU targets [6], these results
further our understanding of hot fusion reactiofi$ie decay properties 67 2°Rf have
also been studied in depth and the results aretszgpbere. Few previous experiments on
the direct production of°®?*Rf have been sensitive to bothdecay and spontaneous
fission (SF). This led to debate over the decaperties of”°"Rf [7] and limited the

information on the decay properties’OiRf.

II. EXPERIMENTAL TECHNIQUE

Beams of magnesium*#g®") were produced from enriched metallic Mg in the
Advanced Electron Cyclotron Resonance (AECR) iammra® and then accelerated by the
88-Inch Cyclotron at Lawrence Berkeley National aadiory (LBNL) to energies of
4.9 - 6.0 MeV/nucleon. The beam passed througbragent thick carbon (C) window
at the entrance of the Berkeley Gas-filled Separ@&S) [8-10] that serves to separate
the vacuum of the beam line from the 66-Pa heliude)(gas inside the BGS.
Approximately one centimeter downstream of the ame window was a rotating
(~10 Hz) target wheel consisting of nine arc-shapeahium(lV) tetrafluoride (Uk
~470ug/cnf) targets. These targets were prepared by evaporaf UF, onto
580 ug/cnt aluminum (Al) foils. The energy thickness of tHE, layer on each target
segment was approximately 2.0 MeV.

Typical beam intensities ranged from 0.5 to 1.GiglaruA. Energy losses in C,

Al, and UR were calculated with SRIM2006.02 [11]. The pradottarget thickness
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and beam intensity was monitored on-line by theect&in of Rutherford-scattered
particles in two PIN diode detectors located at°#2@m the beam axis. Analysis of the
pulse heights of the Rutherford-scattered projestitom the variou®Mg beam energies
gives relative energies to within 0.1%. The resgltenter-of-target beam energies were
121.8, 128.1, 133.0, 138.5, 144.5 and 151.4 MeVhe laboratory frame. Systematic
uncertainty in the energies from the 88-Inch Cyodlotis estimated to be ~1%.
Compound nucleus excitation energies were calailaseng the relative beam energies
with the experimental mass defects ¥ivig and®*®U [12] and the Thomas-Fermi mass
defects for the compound nucleus [13]. The reasgltianges of compound nucleus
excitation energies within the targets were 35.81+011.0+0.9, 45.4+0.9, 50.4%1.3,
55.840.9 and 62.0+0.9 MeV.

Rutherfordium compound nucleus evaporation reside®4Rs) are formed with
the momentum of the projectile and recoil from theget. These EVRs were separated
from the beam and other unwanted reaction productthe BGS based upon their
differing magnetic rigidities in He gas. Magnetigidities of the rutherfordium EVRs
were estimated as previously described [9]. Thieieficy for collecting rutherfordium
EVRs at the BGS focal plane was modeled using atdM@arlo simulation of the EVR
trajectories in the BGS, as described earlier (9, 4nd resulted in efficienciesgis) of
15-22%, depending on the beam energy (see TableDétails of the Si-strip detector
array and data acquisition system have been repegdier [9, 14]. The rutherfordium
EVRs have a short range and low implantation enardiie focal plane detector due to
their low kinetic energy. Thus, a multi-wire praponal counter could not be used and

no information was available to help differentiatween implantation events and decay
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events of similar energy within the focal planeedébr.

The search for EVRr and EVRe-a correlations was expected to be hindered by
random correlations of events unrelated to the yexdathe desired nuclides. This
problem was circumvented by using a pulsed beamhi#ad a 50% duty factor with a
period of 600 ms. The pulsed beam was used duhiegl28.1 MeV irradiation and
portions of the 121.8, 133.0 and 138.5 MeV irradiad, where significant production of
rutherfordium isotopes with a substantiallecay branch was expected. Searching for
a-particles between beam pulses led to a signifibackground reduction and allowed
the identification of thea-emitting nuclides (see Section IlIlLE). To furthesduce
random correlations during both pulsed and DC iatawhs, a-decays were defined as
events anticoincident with the upstream detectsms,, the full energy of the-decay
was required to be in the focal plane detector rastdsplit between the focal plane and
upstream detectors). A fast shutoff mode was eyepldo search fof®'Rf during the
pulsed portion of the 121.8 MeV irradiation. Duyitihis mode, the beam was shut off for
100 s after detection of an EVR [3.5 < E(MeV) <@ Gduring the beam pulse] followed
by the observation of am-particle [8.0 < E(MeV) < 9.0, in-between beam palsin the
same strip and within 300 s and £3.5 mm of the EVIRis allowed for the detection of
the 25-s™'No daughter [15] in nearly background free condiio Measurements at all
other beam energies and the remaining portionshef121.8, 133.8 and 138.5 MeV
irradiations were carried out with a DC beam.

2Rf was identified during pulsed portions of theadiations using EVR
correlations that consisted of an EVR [5.0 < E(M&\)2.0, during the beam pulse]

followed by ana-particle [8.7 < E(MeV) < 9.2, in-between beam pglswithin 10 s and
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a vertical position of #2.0 mm in same strip. DgriDC beam irradiation$>*Rf was
identified by EVRe-a correlations consisting of an EVR [5.0 < E(MeV]1X0]
followed by a?*°Rf a-particle [8.7 < E(MeV) < 9.2] within 10 s and®*&@No a-particle
[7.4 < E(MeV) < 8.4] within 560 s. Both-particles were required to be in the same strip
as the EVR and within a vertical position of £2.éhnof the EVR. An electron capture
(EC) branch i™>Rf was searched for in the pulsed irradiations H®y detection of an
EVR [5.0 < E(MeV) < 12.0, during the beam pulse]ldaed by a®%r a-particle
[8.4 < E(MeV) < 8.5, in-between beam pulses] inghme strip within 15 s and a vertical
position of #2.0 mm. EVR-SF correlations forRf/**°Lr were observed during the
pulsed and DC modes by detection of an EVR [5.(Mey/) < 12.0] followed by a
position (2.0 mm in the same strip) correlatedSf@eV) > 100 MeV] within 15 s.
2582602t were identified by the detection of an EVR [3.E(MeV) < 12.0]
followed by a time (<150ms) and position (2.0 mmgorrelated SF
[E(MeV) > 100 MeV] event in the same strip. Arbranch in®Rf was searched for by
the detection of an EVR implantation followed by tHetection of &Rf a-particle
[8.0 < E(MeV) < 9.5] within 150 ms followed by?a!No o-particle [7.8 < E(MeV) < 8.3]
within 220's. Ana-branch in®*°Rf was searched for by the detection of an EVR
implantation followed by the detection of &Rf a-particle [8.0 < E(MeV) < 9.5] within
150 ms followed by &No a-particle [8.2 < E(MeV) < 8.6] within 15 s. Alplparticles
in each decay series were required to be in the sanp and within a vertical position of

+2.0 mm of the EVR.

[11. RESULTS
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A. ®°Rf

Seventy-eight EVR-SF correlations were observatiathree highestMg beam
energies. These events were assigned tortlei6channel®®Rf, as i) both neighboring
even-odd nuclides have longer half-lives and dewaynly by emission ofr-particles
and ii) the reaction energy was at least 29.4 MéWva the threshold for thendexit
channel product. At these excitation energiesgetraoration of more than four neutrons
is expected. The total kinetic energy (TKE) of tHfRf SF was ~8 MeV above the TKE
measured fof>No under the same detection setup, similar to wiatobserved by Wild
et al [16].

At the two highesf®Mg beam energies, four observed EMR: correlations
were assigned to andecay branch if°®Rf (see Table ). Assignment of these events to
%8Rf instead of the neighborirfg°Rf was based on the observed short lifetimes of the
mother followed by a second-decay consistent with the known properties of the
daughter,®*No. Three of the mother events had an averagmrticle energy of
9.05+0.03 MeV, likely corresponding to decay frohre tground state of*Rf to the
ground state of*No. The second observed event had an energy 90dwe&t. This
event is tentatively assigned to ardecay from the ground state GfRf to an excited
state of the daughter f"No. Based upon the 3 events observed with an geera
particle energy of 9.05+0.03 MeV, the Q-value fdneta-decay of *°°Rf is
9.23+0.03 MeV after including a 43 keV correctioor felectron screening [17, 18].
Using the experimental mass defects¥8Ko and*He [12], the mass defect 6FRf was
measured to be 96.38+£0.05 MeV, in good agreemetit thie theoretical values of

96.82 MeV and 96.40 MeV obtained with the Thomas¥tenodel [13] and listed in
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AME2003 [12], respectively.

The observed>®Rf half-life was14.7*1% ms, consistent with previously reported
results [16, 19] and slightly longer than the 11%2 reported by Ghiorset al. [20].
Based upon the d-decay events and the 54 SF events observed attheighest®Mg
beam energies, and taking into account the diffeefficiencies for detecting EVR-a
and EVR-SF correlations, thedecay branching ratio is 0.31+£0.11, resulting ipaatial
half-life for a-decay of47'%; ms. This value is smaller than values calculatsidg our
258Rf Q-value fora-decay and Hatsukawet al. (146 ms) [18] or Parkhomenket al.

(210 ms) [17]o-decay systematics.

B. ®°Rf
Forty-five correlations (EVRx, EVR-a-a) with properties in agreement with the
known decay properties 6TRf and its daughters were observed at the beangieresf
133.0, 138.5, 144.5, and 151.4 MeV. From the nreasuates of EVR- and-like
events, 5.4 randorfP*Rf-like correlations were expected at those beaerges (see
Table Il). Twenty-seven of the forty-five corretats were observed under conditions
where the expected number of random correlatioss<wvh  Theé”*Rf half-life measured

from these twenty-seven correlations2§'%; s, in agreement with the literature values

of 3.1+1.3 s [21] and 3.4+1.7 s [19].

Three 8.4-Me\Va-like events correlated to EVRs (see Table IIl) evebserved
during the pulsed portions of the 133.0 and 138é/Ntradiations. These correlations
were assigned to the decay?dLr, produced via an EC branchdfRf. Since®°Lr has

a known SF branch of 0.25+0.03 [22], the observataf ‘long-lived” EVR-SF
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correlations is expected. Five SF events (seeeTHblcorrelated in time (0.15 - 15 s)
and position (x2.0 mm) to EVRs were observed at@,3838.5 and 144.5 MeV. After
correcting for differences in detection efficiersief EVR-SF and EVRx correlations,
all five observed SF events can be accounted fdBBywf the EC daughter>®Lr. The
observation of 3 EVRy, and 5 EVR-SF events is consistent witiP&Rf EC branch of
0.15+0.04. Thus, previously reported SF brancheS*Rf [19, 21, 23-25] are likely
dominated by EC decay f°Rf followed by SF decay df%Lr. An EC branch irf>°Rf
has not been observed wherRf is produced as the decay product®$g [5, 14, 26-

32], possibly indicating the presence of an isothat is formed only in direct production

of °°Rf.

C. *Rf

Thirty-two short-lived € 150 ms) EVR-SF correlations were observed atttheset
lowest?®Mg beam energies. The assignment of these evete th product,®*Rf, is
based upon the facts that i) both neighboring exdmh-nuclides are significantly
longer-lived, and ii) the highest reaction energyonly 5.7 MeV above then6exit
channel threshold, making de-excitation by theeit channel unlikely. The measured
half-life for 2°°Rf is 22235 ms, which is consistent with the previously repdralf-life
of 21+1 ms [19, 33]. The total kinetic energy (TKBbserved from thé®Rf SF
fragments was ~7 MeV above the TKE measured®fo under the same detection
setup. Wildet al [16] and Hulett al. [33] have observed similar behavior for the SF of
?00Rf. Theo-decay of®Rf followed bya-decay of**®™No was not observed, giving an

a-decay branch upper limit of 0.35 at the 86% caariitk level. The corresponding
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partial a-decay half-life is > 64 ms. This compares wellhwthe 0.20 upper limit for the
o-decay branching ratio given by Lazarev al. [34]. A predicteda-decay partial
half-life of 1.4 s was calculated with the expect@d/alue of 8.9 MeV [12] and using

Hatsukawan-decay systematics [18], corresponding to an erpecbranch of 0.016.

D. *'Rf
261Rf was produced in th&Mg(**®U, 3n)**'Rf reaction at the lowest excitation
energy of 35.3 MeV. The direct production®8Rf from a 3 hot-fusion exit-channel
has not been observed previously. Two isomerkmoen for?®’Rf. The first isomer,

designated®’®Rf, decays by either SF ar-particle emission (E=8.51+0.05 MeV,
l, =0.09, #,= 282 s) [35]. The second isomer, designatéfRf, has only been
observed to decay by-particle emission (E= 8.3 MeV, 1, = 7517 s), with an upper
limit of 11% for decay by SF [36, 37].

We observed one correlated EVRe decay chain with the following decay
properties: ?®Rf (E, = 8.34+0.05 MeV, 1=103.2 s), ®No (E, = 8.30+0.05 MeV,
1=12.2s). This event was assigned®t8Rf and corresponds to a cross section of

2895 pb. A second event consisted of an EVR-SF detayncwith a SF energy of
173.3 MeV and a lifetime of 9.4 s. This eventld beassigned to either isomer3iRf.
However, as discussed in the following sectionrehis only a 6% probability for
observing a random EVR-SF correlation within 5 Hiaifs of °*Rf. If confirmed, this
would represent the first observation of this isomeduced as an EVR. So faf Rf

was only observed as the daughtef88g [1, 35, 38-40]. The addition of this second

93

event would only increase the 8ross section by 14%, @825 pb.
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E. Random rates

Random rates for EVR-SF correlations were calcdldtg taking the observed
number of SF events and multiplying by the probgbdf observing an EVR preceding
the SF within the predefined time and position wiwd. The rate of EVR like events
within a vertical position of +2.0 mm was 0.4 — 8&° Hz, depending on beam energy.
Over the course of the experiments, 128 events waitbrgies above 100 MeV were
observed in the focal plane detector. Of the 188 Bnergy events, 110 were assigned to
the SF of the two short-lived isotop®&Rf and?®°Rf and one 14ts EVR-SF correlation
to the fission of an actinide fission isomer (midetly the 8yus ?*®Pu). All 128 SF-like
events were used to calculate the random ratesthier short-lived %°Rf.  As
summarized in Table Il, 0.02 random EVR-SF corretest are expect within 150 ms.
Thus it is unlikely that any of the SF events assiljto®*’Rf or ?°Rf were of random
origin. Of the 17 events that were not correlateéan EVR within 150 ms, five were
correlated to EVRs within 15s and were assignedh® SF decay of 6.1-8"r,
produced through the EC 8f°Rf. These 17 SF events were used to calculate the
EVR-SF random rates for the EC GfRf. The expected number of random EVR-SF
correlations within 15 s is 0.4. Thus it is vemlikely that more than one of the five
observed EVR-SF correlations is of random origin.

EVR-a (EVR-0-0) random rates fof°®®**Rf were calculated by taking the
observed number of EVRs and multiplying by the pimlity of observing onex (two
o’s) within the required time and position windowd-or pulsed beam irradiations,

decays of*°Rf were identified through EVR-correlations, while EVRx-a correlations
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were used during DC beam irradiations. The nunudfeexpected randorm®Rf-like
correlations varied between 0.04 and 4.3, depemalingeam conditions and energy (see
Table Il). Once the expected number of randometations was taken into account, the
cross sections observed during pulsed and DC beamesconsistent. During the pulsed
irradiations, 0.3*Lr-like random EVRe correlations are expected, resulting in a low
probability of the 3 observed EV&-being random. The expected number of random
correlations fof>®Rf is 0.13, making it unlikely that any of the foolbserved EVRx-o.
correlations are of random origin.

For °'Rf there were 280 beam shut-offs, lasting 100 & ehat were initiated by
the detection of a potential EV&R<orrelation. A total of &-particles in the energy
range of 8.0 - 8.7 MeV were observed during theeat8 x 10 s that the beam was shut
off. With the requirement that correlated everdsup within £2.0 mm in the same strip
as the potential EVRe- that initialized the beam shutoff, the expectednbar of
randomly occurring EVRx-o. event sequences is 7 X 16uring the entire irradiation. In
the search fof®'Rf EVR-SF correlations, the EVR-SF correlation timendow was
350 s, 4.5 half-lives of the long-lived isomé&t'*Rf. The expected number of random
EVR-SF correlations within 350 s and £2.0 mm is. 1.Aowever, the probability of

observing a random EVR-SF correlation within 5 Hiakés of “°Rf is only 6%.

V. DISCUSSION
Excitation functions for the M4 5n and @& exit channels for the
238U(**Mg, xn)*®**Rf reaction are shown in Fig. 1. The data fromsed beam

irradiations were used to determifi€Rf cross sections, due to the lower number of
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expected random correlations. Horizontal erroisbapresent the range of compound
nucleus excitation energies covered inside thestakghile vertical error bars represent
the uncertainties due to counting statistics [4The >*3U(**Mg, 5n)***Rf reaction has a
maximum cross section of 1520£350 pb at a centveain energy of 139 MeV. Tha& 6
exit channel, resulting in the production’@iRf, has the peak position at 146 MeV and a
peak cross section that is 1.7 times smaller theat of the & exit channel. The
maximum of the A exit channel is located at 128 MeV and the maxincooss section is
~4.8 times smaller than the maximumdoss section.

Historical precedence indicates that the éit channel cross sections rapidly
decrease with increasingdeciie [42-44]. Recently, Dvoralet al. [35] have made the
surprising observation of an®xit channel in thé**CmE®Mg, 3n)*"'Hs reaction, with a
cross section that is comparable in magnitude @odthcross section. In this work, a
dedicated irradiation searching for the &xit channel of thé®Mg + % reaction was
performed. *’Rf was observed to have a cross sectio2&$2 pb at a beam energy of
121.8 MeV, a factor of 10 times less than the pafathe 4 excitation function. These
discoveries open the possibility of accessing Iwed neutron-rich nuclides of the
transactinides utilizing hot fusion reactions witutron-rich targets.

Figure 2 contains the systematics of Q-valuesxfolecay of even-even fermium
(Fm), nobelium (No) and rutherfordium isotopes with~ 152. The plot contains
accepted values féP°Rf, fermium and nobelium isotopes [12] and a newedor *°°Rf
(this work). In the absence of shell effects,emdr of smoothly decreasing Q-value with
increasing N is expected. Deviation from the smhaoénd is a direct measure of the

variation of shell effect strength over the isotophain. The strength of the N = 152
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deformed shell in rutherfordium appears to be sint that in No and Fm.

Systematics of the partial SF half-lives of the reegen isotopes of fermium,
nobelium, rutherfordium and seaborgium (Sg) arevshim Fig. 3. Partial SF half-lives
for 2°%Sg, **Rf, and the Fm and No isotopes were calculatedyusicepted values [12].
The plot also contains revised values 31Sg [45, 46],%°%**/sg [5], %°°Sg [35] and
258260Rf (this work). SF half-lives of isotopic chains @ven-Z elements with
96< Z <102 are strongly peaked at N = 152, due to tHaente of the deformed shells
at N =152 and Z = 100. Theoretical calculatiopSmolaczuket al.[47] demonstrated
that small changes in the fission barrier, which paralleled in the shell effects, should
have a large effect on the fission half-lives. Mt 152, the shell effects are present, as
observed in ther-decay Q-values, however the fission half-lives fatherfordium and

seaborgium remain constant across the N = 152 shell
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Table I: Observe@Rf a-decay chains.
Beam Excitation Strip Bevr Vertical a-particle  Vertical Lifetime  Nuclide
Energy  Energy (MeV) position Energy position
(MeV) (MeV) (mm) (MeV) (mm)
144.5 55.8 31 5.56 -17.2+0.5 9.05+0.05 -18.0+0.3 .0@9éns Rf
8.09+0.05 -17.7+0.3 96.78 s  *No
3 7.62 -13.4+0.4 8.96+0.05 -13.2+0.3 6.24 ms 2%Rf
8.08+0.05 -13.5+0.3 231.27s ®No
16 5.39 24.6+0.5 9.05+0.05 24.4+0.3 9.70 ms *°°Rf
8.10+0.05 24.0%0.3 43.63s *MNo
151.4 62.0 34 5.89 -7.0+0.5 9.05+0.05 -6.8+0.3 4ms  BRf
8.05+0.05  -6.9+0.3 155.42 s *No
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Table II: Cross sections, observed correlationsexpected number of random correlations for the

8 (**Mg, xn)?**’Rf reaction.

Beam  Excitation gzgs Beam Decay Mode Expected  Number of Cross
Energy Energy Mode Number of Observed Section
(MeV) (MeV) Random Correlations (pb)

Correlations

121.8 35.3 0.15 Pulsed 200Rf @ 0.9 0 503
20Rf SF 0.003 11

DC 200Rf & 259N o 0.6 0 4075
20Rf SF 0.001 2

128.1 41.0 0.16 Pulsed 200Rf @ 0.1 0 170°%
20Rf SF 0.003 9

ZRf o 0.8 0 <120

2Rf EC 29 o 0.1 0
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29Rf EC 59 ¢ SF
0 0
or *Rf SF
133.0 45.4 0.18 Pulsed 200Rf @ 0.04 0 180°%
20Rf SF 0.004 10
ZRf o 0.4 4 4407333
2Rf EC 29y o 0.1 1
239Rf EC 259 ¢ SF
0.3 3
or *Rf SF
138.5 50.4 0.19 Pulsed BRF o 0.2 16 1560730
29Rf EC 9 o 0.1 2
29Rf EC 259 ¢ SF
0 0

or ®Rf SF
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P8 Rf o 2N & 0.05 0 110°%
28Rf SF 0.005 8
DC PRf ¢ 2 No & 4.3 20 157055%
2Rf EC 9 r SE
0.1 1
or ®Rf SF
2Rf % *No ¢, 0.08 0 3103%
28Rf SF 0.001 14
144.5 55.8 021 DC 2Rf%?®No % 0.1 3 380359
2Rf EC 9 r SE
0.02 1
or ®Rf SF
2Rf @ 2No ¢ 0.002 3 770%%0
28Rf SF 0.003 34
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151.4 62.0 022 DC 2Rf%?No% 0.04 2 19020

SR EC 9. SF
0.01 0

or ®Rf SF

2Rf @ No ¢ 0.0006 1 430715

2%Rf SF 0.001 22
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Table Ill: Observed decay chains assigned to tetrein capture i °*Rf. SF energies are shown in
boldface. For reconstructed SF events (eventsemigigies in both the focal plane and upstream
detectors), the energies detected in the focakpdaa upstream detectors, respectively, are shown i

parenthesis.

Beam Beam Strip B Vertical Energy Vertical  Lifetime Decay Mode
Energy Mode (MeV) position (MeV) position
(MeV) (mm) (mm)

133.0 Pulsed 34 650 -20.9+0.5  8.46x0.05 -21.0+0.37.58s **Rf EC 9y o

SR EC 9. SF
32 5.08 14.1+0.5 180(113+67) 14.5%+1.5 3.74s

or ®Rf SF

SR EC 9. SF
14 6.19 15.4+0.5 130 15.5+1.5 14.63 s

or ®Rf SF

SR EC 9. SF
27 6.04 1.7£0.5 197(120+77) 1.6x1.5 6.73s
or R SF
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138.5

Pulsed

DC

26

30

11

9.17

6.95

7.02

-26.840.4  8.42+0.05  -26.520.83.89s ®Rf EC Y ¢

23.5+0.5 8.44+0.05 23.440.3  0.90 S®°Rf EC #9 ¢ o

SR EC 59y SF
-8.1+0.4 203 -7.8+1.5 9.77s

or ®Rf SF

144.5

DC

13

7.21

SR EC 59 S
27.4+0.4 110 27.2%¥1.5 297s

or ®Rf SF
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FIG 1: (color online) Cross section for the &kit channel and excitation functions for the
4n, 5n, and 6 exit channels of thé*®U(**Mg, xn)***’Rf reaction. The arrow at

134.6 MeV represents the position of the Bass éafd8]. Lines are a Gaussian
smoothly joined to an exponential on the high epeaide fitted to the experimental data

according to the procedure described in [6].

FIG 2: (color online) Q-values for the-decay of the even-even isotopes of Fm, No and

Rf. Error bars are smaller than the size of thelmys.

FIG 3: (color online) Partial spontaneous fissiatfHives for even-even isotopes of Fm,

No, Rf and Sg. Error bars are smaller than theafizke symbols.
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